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Modifications of CD81 T Cell Function
during In Vivo Memory or Tolerance Induction
clones in vitro revealed that T cell receptor (TCR) occu-
pancy in the absence of costimulatory signals failed to
induce T cells to produce interleukin-2 (IL-2) and led to
Corinne Tanchot,*‖ SeÂ verine Guillaume,*‖
JeÂ roÃ me Delon,³ Christine Bourgeois,*
Anke Franzke,² AdeÂ laõÈda Sarukhan,²
Alain Trautmann,³ and Benedita Rocha*,§ an unresponsive state in which T cells became unable
to produce IL-2 even after restimulation in the presence*INSERM U.345
²INSERM U.373 of costimulation (reviewed in Schwartz, 1996, 1997). In
these circumstances, the major mechanisms leading toInstitut Necker
156 rue de Vaugirard T cell anergy in vitro were modifications of IL-2 mRNA
transcription. Accumulation of repressor molecules bind-75730 Paris Cedex 15
France ing to the IL-2 enhancer (Becker et al., 1995) as well as
a block in the activation of p21ras were identified (Fields et³Laboratoire d'Immunologie Cellulaire
CERVI, CNRS URA 625 al., 1996), resulting inbiochemical blocks in the mitogen-
activated protein kinase (MAPK) pathway (Fields et al.,83 boulevard de l'HoÃ pital
75013 Paris 1996; Li et al., 1996), preventing activating protein 1
binding to the IL-2 promoter. Anergy was reversible byFrance
addition of exogenous IL-2 (Schwartz, 1996, 1997). It is
difficult to envisage that such a mechanism guarantees
the peripheral tolerance to self-antigens, as IL-2 pro-
Summary
duced by ongoing immune responses should frequently
activate self-reactive T cells. It is even more difficult to
Naive monoclonal T cells specific for the male antigen
conceive of an absence of costimulation in most toler-
can be stimulated in vivo to eliminate male cells and
ance states induced after intentional immunization with
become memory cells or to permit survival of male
exogenous antigens; after administration into an intact
cells and become tolerant. Memory cells responded
mouse, exogenous antigens are likely to be picked up
to TCR ligation by cyclic oscillations of calcium levels
and presented by professional antigen-presenting cells
and immediate secretion of very high levels of IL-2
(APC). In addition, in experiments where T cell tolerance
and interferon-g. Tolerant cells did not proliferate in to exogenous antigens is induced in vivo, extensive pro-
response to ionomycin and phorbol myristate acetate, liferation usually precedes anergy (Rammensee et al.,
failing to mobilize calcium to produce IL-2 or express 1989; Webb et al., 1990; Rellahan et al., 1991; Rocha
IL-2R, but survived for long time periods in vivo and
and von Boehmer, 1991; Sundstedt et al., 1996; Lanoue
secreted IL-10. These results emphasize that toler-
et al., 1997), indicating that initial triggering events are
ance is not an absence of all functional activity and
sufficient to induce T cell growth. It was recently re-
may be associated with modifications of behavior con-
ported that blockade of B7/CD28 interactions prevents
ferring important regulatory functions on tolerant T
in vivo priming, while B7/CTLA-4 interactions are re-
cells.
quired for anergy induction (Perez et al., 1997). This
suggests that, contrary to preventing anergy, antigen
Introduction presentation by professional APC may be a fundamental
component in the induction of T cell tolerance in vivo.
Self-reactive T cells can be deleted in the thymus, but Here, we investigated in vivo T cell tolerance by using
other mechanisms ensure tolerance of self-antigens ex- a single clone of naive T cells obtained from female
clusively expressed outside of the thymus. Some of Rag22/2 mice bearing a transgenic (Tg) TCRab specific
these antigens may not be presented in suitable forms for themale antigen (Kisielow et al.,1988). This clone can
and may be ignored by the immune system (Ohashi et be stimulated in vivo to eliminate male cells, generating
al., 1991; Oldstone et al., 1991). Alternatively, antigens functionally reactive memory cells (Tanchot et al., 1997).
expressed outside of the thymus may be recognized To define in vivo tolerance, we determined priming con-
and induce peripheral deletion (Rammensee et al., 1989; ditions in which Tg cells were unable to eliminate male
Webb et al., 1990; Rocha and von Boehmer, 1991), but cells in vivo. We used these conditions to identify other
this process is never complete. Remaining self-antigen± modifications of T cell function specific for this in vivo
specific T cells show several functional alterations tolerance.
(Rammensee and Hugin, 1989; Webb et al., 1990; Rella-
han et al., 1991; Rocha and von Boehmer, 1991; Bhan-
Resultsdoola et al., 1993; Kearney et al., 1994; Sundstedt et
al., 1996) yet are insufficiently characterized and are
Bone Marrow±Derived Cells Can Inducegrouped within the ambiguous term of T cell anergy.
T Cell Tolerance In VivoEarly research on the induction of anergy in T cell
We studied the in vivo priming conditions required to
induce tolerance in a clone of naive T cells. The clone
was obtained from female mice bearing a Tg TCRab§To whom correspondence should be addressed (e-mail: rocha@
specific for the HY male antigen and deficient in thenecker.fr).
‖ These authors contributed equally to this work. recombinase gene Rag2; in these mice, all lymphocytes
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positively selected in the thymus and migrating to the
periphery are monoclonal CD81 TCRab Tg1 (Tg cells).
These Tg cells compose a pure population of naive cells,
as the male antigen is absent and no cross-reactivity
with environmental antigens is detected; all Tg cells
are CD442 and neither divide nor express lymphokine
mRNA (Tanchot et al., 1997). Naive cells were stimulated
in vivo by the male antigen expressed by various types
of APC and in various amounts by transfer to several
types of male/female chimeras. To be able to study the
monoclonal Tg population directly, the host chimeras
contained no endogenous T cells, as they were gener-
ated by injecting irradiated Rag22/2 mice (Shinkai et al.,
1992) with bone marrow (BM) cells from CD3e2/2 mice
(Malissen et al., 1995).
First, we produced hosts in which relatively small
amounts of the male antigen were presented by BM-
derived cells. Female mice were injected with a mixture
of 90% female Ly52 and 10% male Ly51 BM cells. After
BM reconstitution, 10% of BM-derived cells in these
hosts were Ly51 male cells (Figure 1A). All of the naive
Tg cells transferred to these hosts become activated,
express CD44, and expand and do not become tolerant;
they differentiate into effector functions and eliminate
the male cells (Figure 1B). This antigen-experienced
population has previously been described (Tanchot et
al., 1997) and will be referred to as memory cells.
We then used chimeras in which the male antigen
was expressed mainly by nonprofessional APC; Rag22/2
host mice were males, injected as before with 90% Ly52
female and 10% Ly51 male BM cells. Naive Tg T cells
transferred into these chimeras were stimulated by the
male antigen expressed in all tissues and initially ex-
panded but became tolerant to the male antigen in vivo;
they were unable to eliminate the Ly51 male cells (Fig-
ure 1C).
In the male hosts, tolerance could be a consequence
of antigen presentation by nonlymphoid cells or of an
excessive antigen load/antigen persistence leading to
continuous Tg cell activation. To test the latter possibil- Figure 1. Persistence of Male Cells in Host Mice
ity, we used chimeras in which the male antigen was Various male/female chimeras, injected or not with 5 3 105 naive
Tg cells, were studied 2±3 months after Tg transfer. (A) Female micepresented exclusively by BM-derivedcells but was pres-
reconstituted with 90% Ly52 female and 10% Ly51 male BM cells.ent in larger amounts; female Rag22/2 mice were recon-
(B) The same hosts injected with naive Tg cells. (C) Male hostsstituted with 100% male BM. Naive Tg cells transferred
reconstituted with 90% Ly52 female and 10% Ly51 male BM cells
into these mice also became tolerant to the male antigen and injected with naive Tg cells. (D) Female hosts reconstituted with
in vivo, as shown by the persistence of male B cells 100% Ly51 male BM cells and injected with Tg lymphocytes. Graphs
(Figure 1D). show host spleen cells labeled with anti-B220 and anti-Ly51 mAbs,
the fraction of B2201Ly511 indicating the percent of male B cells.We compared the in vitro proliferative response to
stimulation with male cells of different Tg populations
(naive or primed in vivo in the various host mice). While
study B cell elimination in vivo, but we tested whether Tgnaive cells and memory cells proliferated, tolerant cells
cells recovered from these mice responded to antigen(recovered from female hosts reconstituted with 100%
stimulation in vitro and found no response (Table 1),male BM or from male mice reconstituted with female
demonstrating that tolerance could be induced in theBM) did not, even in the presence of exogenous IL-2
absence of B cells.(Table 1). The inability of Tg to eliminate male cells in
vivo thus correlated with their incapacity to respond to
Functional Properties of Memoryin vitro antigen stimulation.
and Tolerant T CellsAs antigen presented by B lymphocytes was reported
The lymphokine profiles of the Tg populations are shownto be required to induce naive T cell tolerance (Fuchs
in Figure 2. Naive cells did not contain lymphokineand Matzinger, 1992), we also examined whether Tg
mRNA. After stimulation with anti-CD3 monoclonal anti-cells could become tolerant after transfer into Rag22/2
bodies (mAbs), transcription of IL-2, interferon-g (IFNg),male mice that were not injected with BM and thus did
not contain B cells. In these conditions, we could not and Fas ligand (FasL) mRNA was induced, and naive
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Table 1. Proliferative Response to Male Antigen In Vitro
Responding Tg Cells Stimulated In Vivo
/ Hosts Reconstituted ? hosts Reconstituted / Hosts Reconstituted ? Hosts,
In Vitro Stimulus with 10% ? BM with 10% ? BM with 100% ? BM No BM Naive
/ Spleen 5,311 405 670 313 1,409
? Spleen 171,241 727 927 1,246 229,300
Tg cells were transferred to diffent types of host mice and recovered 1±2 months later. These cells, as well as naive cells, were cultured in
vitro in the presence of irradiated female or male spleen cells in cultures supplemented with 5 U/ml recombinant IL-2. Proliferation was
evaluated by incorporation of [3H]thymidine after a 4 hr pulse. Results are the mean counts per minute of triplicate 5 day cultures.
cells secreted IL-2 and IFNg. Antigen stimulation did not stimulation did not modify the high constitutive rate of
FasL mRNA transcription while the mRNA coding forinduce transcription of IL-10 mRNA (data not shown);
these messages were detected after activation with anti- IFNg was up-regulated. Tolerant cells secreted IFNg,
this secretion being similar to that of naive Tg cells, i.e.,CD3 antibodies, but we never detected IL-10 secretion.
Memory cells constitutively expressed mRNA for IL-2, much lower than that of memory cells.
Tolerant Tg cells were unique in the following re-IFNg, perforin, and FasL and did not transcribe IL-10
mRNA (Tanchot et al., 1997). After stimulation with anti- spects: constitutive expression of IL-10 mRNA; up-regu-
lation of IL-10 mRNA expression by antigen stimulation;gen or anti-CD3, FasL mRNA transcription was un-
changed, while IL-2 and IFNg mRNA were up-regulated and IL-10 secretion. This secretion could be detected ex
vivo by enzyme-linked immunospot (ELISPOT) (12,075 6(Figure 2). As compared to naive cells, we found major
differences in the secretion of IL-2 and IFNg by memory 1,241 spot-forming units/106 cells) (see Experimental
Procedures) as well as in cell supernatants of stimulatedT cells. Optimal secretion was detected earlier (24 hr
after stimulation), and the amounts secreted were up to tolerant Tg cells. Secretion was sometimes detected by
24 hr (data not shown) but was maximal by 48 hr (Figure20-fold higher. As in naive cells, expression of IL-10
mRNA required anti-CD3 stimulation, but we could not 2) and declined to undetectable levels later. To investi-
gate if naive and memory cells could also secrete IL-detect IL-10 secretion (see below).
Tolerant cells shared some properties of memory 10, we tested these cells by ELISPOT or stimulated them
with anti-CD3 mAbs or phorbol-12-myristate-13-acetatecells. We found mRNA for IL-2, IFNg, perforin, and FasL;
Figure 2. Lymphokine Profiles of Naive, Mem-
ory, and Tolerant Tg Populations
Naive (N), memory (M), and tolerant (T) Tg
populations studied ex vivo or after in vitro
stimulation with male spleen cells, anti-CD3
mAbs, or ionomycin and PMA. Blots show
the semiquantitative analysis of lymphokine,
perforin, and FasL mRNA transcription and
are Southern blots of PCR products (cDNA
was from an average of 103 cells) hybridized
with 33P-labeled-specific probes. To ensure
quantitation of mRNAproduction, all samples
contained the same amount of cDNA (as de-
termined by HPRT quantitation), and nonsat-
urating conditions (30 cycles of amplification)
were used. Negative samples (virgin cells, or
memory cells producing IL-4 or IL-10) were
also tested using 10 times the previous con-
centration of cDNA and 35 cycles of amplifi-
cation. This also failed to reveal mRNA syn-
thesis. Graphs show interleukin secretion
evaluated by ELISA: IL-2 (left) and IFNg (mid-
dle) secretion evaluated in 24, 48, and 72 hr
culture supernatants of stimulated Tg cells;
IL-10 (right) secretion in 48 hr supernatants.
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Figure 3. Expression of the IL-2R a Chain by Tg T Cells
Left: naive cells were transferred to female hosts (upper graphs) or male hosts (lower graphs) reconstituted with 90% female and 10% male
BM from CD3e-deficient mice and studied at various times after transfer. Results show CD44 and IL-2R a expression by naive Tg cells (dotted
lines) and Tg cells recovered from host mice, 3 days after in vivo injection (solid lines). Tolerant Tg cells did not express IL-2R at later times
after transfer. Right: Two months after Tg transfer to host mice, we recovered memory and tolerant Tg cells and stimulated them in vitro with
the male antigen (data not shown), anti-CD3, or PMA and ionomycin for 24 h. Graphs show IL-2 R expression in memory and tolerant Tg cells
ex vivo (dotted lines) or after in vitro stimulation (solid lines).
(PMA) and ionomycin. We could not reveal secretion (in which Tg cells become tolerant). In both hosts naive
Tg cells were activated, expressing CD69 (data notof this lymphokine ex vivo or in culture supernatants
recovered from 24±96 hr cultures, our enzyme-linked shown) and CD44 by day 3 after in vivo transfer. The IL-
2R b and g chains were also up-regulated to similarimmunosorbent assay (ELISA) detecting 4 pg/ml IL-10.
Tolerant Tg cells were also unique, as their IL-2 mRNA extents (data not shown). Tg cells recovered from female
hosts expressed the IL-2R a chain (Figure 3, top graph).expression could not be up-regulated after exogenous
stimulation (the mRNA was actually reduced), and these Cells recovered from male hosts expressed very low
levels of IL-2Ra on day 3 after Tg transfer (Figure 3,cells did not secrete IL-2 (our assay detects 0.5 pg/ml
IL-2). IL-2 mRNA transcription and IL-2 secretion were bottom graph), and this chain was not detected later
(data not shown).restored by exogenous stimulation with ionomycin and
PMA. To determine if this inability to express the IL-2R a
chain was permanent, we recovered Tg cells 2 monthsNaive, memory, or tolerant Tg cells did not express
IL-4 mRNA; when these cells were stimulated with anti- after transfer and studied their capacity to reexpress
IL-2R after in vitro stimulation (Figure 3). Memory andCD3, and 10 times the amount of cDNA was amplified,
very low levels of IL-4 mRNA were detected. We never tolerant cells did not express the IL-2R a chain in vivo.
After in vitro incubation with antigen (data not shown)detected IL-4 secretion (data not shown).
We would like to emphasize that we characterized or anti-CD3, memory cells reexpressed IL-2Ra, while
IL-2Ra expression by tolerant cells was very low. Thetolerant Tg cells recovered from the following mice: fe-
male hosts injected with 100% male BM; male hosts two populations expressed similar, very high levels of
IL-2R a chain after stimulation by ionomycin and PMAinjected with 10% male BM; male hosts injected with
100% female BM; male Rag22/2 hosts not reconstituted (Figure 3).
We also analyzed anti-CD3-induced Ca21 responseswith BM; and CD32/2 male mice. Whatever their origin,
tolerant Tg cells had the same characteristics (data not in Tg cells recovered from different hosts. For this pur-
pose, lymph node (LN) cells were depleted of B cellsshown).
and macrophages. In these suspensions, only Tg cells
expressed CD3, but a few CD32 stromal cells were pres-Identification of Cellular Blocks Occurring
during Tolerance Induction ent; evaluation of Ca21 mobilization in the whole popula-
tion may have been biased by the presence of theseAs tolerant Tg cells did not proliferate in response to
exogenous IL-2, we investigated their capacity to ex- nonresponding cells, butsorting of Tg populations could
also interfere with Ca21 responses. To overcome thesepress the different IL-2 receptor (IL-2R) chains after in
vivo stimulation (Figure 3). We transferred naive Tg cells difficulties, we measured Ca21 responses by means of
single-cell Ca21 imaging (Figure 4), in which the fre-to female mice reconstituted with 10% male BM (in
which Tg cells become memory cells) or to male mice quency of cells that respond to anti-CD3 stimulation can
Memory and Tolerant CD81 T Cell Function
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Figure 4. Ca21 Signaling in Tg Cells
Results represent the basal intracellular Ca21
levels and the increase in Ca21 level after the
addition (arrow) of an anti-CD3 antibody in
vitro. Naive cells (A) were transferred to fe-
male hosts (left graphs) or male hosts (right
graphs) reconstituted with 90% female and
10% male BM from CD3e-deficient mice and
studied at various times after transfer. Naive
cells (A); Tg cells recovered from femalemice,
4 days (B) and 2 months (C) after transfer; Tg
cells recovered from male mice 4 days (D)
and 2 months (E) after transfer. We performed
four experiments comparing these popula-
tions and analyzed at least 50 cells in each
experiment. Each graph represents the trac-
ing of a single responding cell representative
of each Tg cell population. We chose this
representation (rather than mean responses)
because of the difference in the percentage
of responding cells; at least 80% of tolerant
Tg cells showed no anti-CD32mediated Ca21
increase, while most naive and memory cells
responded.
be correlated with the frequency of Tg cells present in cells showing two or three such peaks during a 15 min
recording period. The initial peak response (382 6 38the LN cell suspension (determined by flow cytometric
analysis). This method is more sensitive than flow cyto- nM; n 5 49) was slightly lower in most memory cells
than in control naive cells (551 6 62 nM; n 5 75). Themetric analysis and allows possible heterogeneity in the
behaviour of Tg cells to be detected. resting intracellular Ca21 concentration was the same
as in naive cells (106 6 3 nM; n 5 32). In tolerant TgNaive, memory, and tolerant Tg cells showed similar
intracellular Ca21 increases after treatment with iono- cells the resting intracellular Ca21 concentration (77 6
2 nM; n 5 26) was lower than in control cells. TCRmycin (data not shown). Stimulation of naive cells with
anti-CD3 mAbs in vitro induced a classic biphasic Ca21 ligation did not elicit any Ca21 response in 80% of Tg
cells. In the few responding cells, the response wasresponse, i.e., a large, transient increase in Ca21 fol-
lowed by a smaller persistent plateau (Figure 4A). The strongly reduced in amplitude and shorter in duration
(Figures 4D and 4E) when compared to naive cells stud-Ca21 response of Tg cells recovered 4 days after injec-
tion into female mice reconstituted with 10% male BM ied simultaneously (Figure 4A). This pattern of reactivity
was stable from days 3 to 4 (Figure 4D) until 2±3 monthswas heterogenous. About half had single, intense Ca21
responses (as found in naive cells), but the following after in vivo transfer into male mice (Figure 4E).
plateau showed evidence of oscillation (Figure 4B). The
other half showed frank oscillating responses, as found Proliferative Responses of Tolerant Tg Cells
to Anti-CD3 mAbs and Ionomycin and PMAin long-term memory T cells. Indeed, in memory cells
recovered 2±3 months after naive Tg cell transfer, in Tg memory cells recovered at different time points after
transfer into female mice reconstituted with 10% malevitro TCR ligation resulted in cyclic oscillations of Ca21
levels in virtually all memory cells (Figure 4C): the initial BM maintain their capacity to proliferate after in vitro
antigen stimulation (Figure 5, middle), while the re-peak response was followed by additional transient
peaks lasting about 1 min. The interval between each sponse to tolerant Tg cells recovered at different time
points after transfer into male mice declined. By 2 weekstransient peak varied from 3±8 min, 70% of memory
Immunity
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Discussion
We studied the induction of in vivo T cell memory or T
cell tolerance in a single clone of CD81 naive Tg cells
specific for the male antigen. This clone can beactivated
in vivo to eliminate male cells and generate functionally
reactive memory cells (Tanchot et al., 1997). We estab-
lished other priming conditions in which these cytotoxic
effector functions were abrogated, and large numbers
of male cells persisted. By comparing the behavior of
T lymphocytes primed in vivo to become memory cells
with that of T cells primed to become tolerant, we were
able to study the kinetics of tolerance induction and
distinguish cellular modifications that were a mere con-
sequence of cell activation from those exclusively asso-
ciated with a tolerant state.
In vitro anergy induction is frequently associated with
a lack of costimulatory signals mediated by professional
APC (Schwartz, 1996, 1997). Such a mechanism does
not appear to explain in vivo Tg tolerance that was in-
duced when antigen was presented exclusively by BM-
derived cells. Our results rather suggest that tolerance
was a consequence of antigen persistence and, more-
over, an excessive antigen load with which Tg cells were
confronted in vivo. Indeed, when naive cells are stimu-
lated in vivo in female hosts in which a few (10%) of
male BM-derived cells are present, they eliminate the
antigen and become memory cells (Tanchot et al., 1997).
When the number of male BM-derived cells increases
to 50%, Tg cells are still able to mediate effector func-
tions and to eliminate a vast proportion of male cells,
but persistence of a few is associated with the rapid
exhaustion of the immune response (Rocha et al., 1995).
When antigen load is increased again to 100% male BM,
Tg cells are unable to eliminate male cells and persist
as tolerant cells. These tolerant Tg cells had the sameFigure 5. The Kinetics of In Vivo and In Vitro Proliferation of Tg Cells
functional properties as tolerant Tg cells recovered fromafter Adoptive Transfer
male hosts where, presumably, most Tg cells are stimu-Naive Tg cells (N) were injected into female mice (memory) or male
lated by the male cells that are not professional APC.mice (tolerant), reconstituted with 10% male BM from CD3e-defi-
cient mice, and studied at different time points after transfer. (Top) In vitro anergy induction was also frequently associ-
The absolute numberof Tg cellsrecovered. (Middle) The proliferative ated with a block in IL-2 production and could be re-
response of memory Tg cells stimulated in vitro with male antigen. versed by exogenous IL-2 (Schwartz, 1996, 1997). We
Values shown are day 5 responses. (Bottom) The proliferative re-
found a block in the production of IL-2 but also notedsponse of tolerant cells. Tolerant cells recovered after various peri-
that most tolerant Tg cells did not mobilize Ca21 afterods of in vivo stimulation in male mice were cultured simultaneously
anti-CD3 stimulation. This would explain their lack ofwith ionomycin and PMA or anti-CD3 antibody. Values shown are
cytotoxic effector functions in vivo, as both perforin-day 4 responses. All cultures were supplemented with 5U/ml recom-
binant IL-2, and proliferation was evaluated after a 4 hr pulse of mediated killing (Esser et al., 1996) and FasL cell surface
[3H]thymidine. Results are the mean (6 standard deviation) counts expression (Vignaux et al., 1995; Lowin et al., 1996) are
per minute of triplicate cultures. Similar data were obtained in two Ca21-dependent. In addition, tolerant Tg cells could not
other separate experiments.
express the IL-2R a chain, (in this aspect they differ
from regulatory CD41 T cells, reported to be IL-2R1
[Sakagushi, et al, 1995]) and constitutively produced
large amounts of IL-10. These characteristics, described
after transfer, tolerant Tg cells proliferative response separately as being responsible for some anergic states
was 2% of that of naive Tg cells (Figure 5, bottom). induced in vitro (Lamb et al., 1983; Gajewski et al., 1994;
Ionomycin and PMA stimulation largely reconstituted Groux et al., 1996), were present simultaneously, con-
the in vitro proliferative responses of Tg cells recovered curring to the in vivo induced Tg T cell tolerance that
during the first week after injection, but this effect was could not be reversed by IL-2 supplementation. More-
drastically reduced with the duration of in vivo stimula- over, although stimuli that circumvent TCR activation,
tion. By 2 weeks to 1 month after transfer, tolerant T i.e., ionomycin and PMA, restored IL-2 production and
cells were virtually unable to proliferate in response to IL-2R expression, they did not restore proliferation. This
ionomycin and PMA even in cultures supplemented with data indicated the existence of further blocksof lympho-
cyte function. As evaluated by proliferation, tolerant TgIL-2; the response was 2%±8% of that of naive cells.
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lymphocytes were therefore more unresponsive and the kinetics of tolerance induction however was the pre-
cocity of the TCR-mediated signal inhibition. As Tg cellsmore profoundly anergic than any of the previous in vitro
require 24 hr to home to LN (Freitas and de Sousa, 1975),models of anergy induction (Lamb et al., 1983; Gajewski
48 hr to fully express activation markers, and 72 hr toet al., 1990; Groux et al., 1996; Schwartz, 1996, 1997).
start dividing (S. G. and B. R., unpublished data), theIn spite of such a profound anergic state, these cells
abnormalities in signal transmission detected at day 3were not apoptotic or programmed to die shortly. In-
after transfer were probably induced during or shortlydeed, in the absence of other T cells, as in the current
after Tg cell triggering. The mechanisms by which theexperiments, tolerant Tg cells survive in vivo in constant
encounter with an excessive number of male cells in-numbers for at least 1 yr (Tanchot and Rocha, 1997). In
duced T cell tolerance are not yet clear.Several compati-the presence of thymus migrants, part of resident toler-
ble models based on excessively intense or frequentant cells (like resident naive cells) can be substituted
signal transduction can be put forward. In the first hy-by thymus migrants, but a sizable cohort persist for long
pothesis, the signal delivered simultaneously by severaltime periods (Tanchot and Rocha, 1997). In addition,
APC surrounding the same Tg cell would be too intensethis anergic state is reversible in vivo, Tg cells regaining
and would not result in properly balanced intracellulareffector functions once contact with the antigen is dis-
signals. In the second hypothesis, the frequency of TCRcontinued (Rocha et al., 1993) or the antigen concentra-
engagement would be too high; following lymphocytetion is reduced (our unpublished data).
stimulation, a refractory period when lymphocytes can-We were also able to define the kinetics of Tg cell
not be restimulated may exist (Lombardi et al., 1994),function modifications after transfer into male mice. By
and it is conceivable that additional signals deliveredday 3 after injection, Tg cells did not express IL-2R a
during this period could be inhibitory. It also remainschains, most did not flux Ca21 after TCR ligation, and
to be determined why Tg cells displaying such earlytheir proliferative responses were reduced. All of these
abnormalities combine to divide in vivo for at least 2defects were overcome by stimulation with ionomycin
weeks (Rocha and von Boehmer, 1991). It is possibleand PMA. This indicated a proximal defect that blocks
that the low remaining reactivity can support limited cell
TCR-mediated stimulatory events. The phospholipase
division in vivo; once the full anergy state has been
C-g1 and protein kinase C activation pathways areprob-
established 1 month after transfer, tolerant Tg cells lose
ably both affected, as most tolerant cells did not mobi-
their capacity to proliferate in vivo (Rocha et al., 1993).
lize Ca21 (which is dependent on phospholipase C-g1 Besides an early block in TCR-mediated signal trans-
activation) nor express IL-2R (which depends on both mission, chronic in vivo stimulation gradually induced
Ca21 and protein kinase C activation) (Bohnlein et al., further blocks of lymphocyte function. Indeed, while Tg
1988). Given these characteristics, this in vivo model low Ca21 response was constant, cell proliferation after
resembles the T cell anergy induced by high concentra- anti-CD3 or ionomycin and PMA stimulation declined
tions of peptides in human T cell clones (LaSalle et al., with time. One of the factors involved in the maintenance
1992) that can be induced in the presence of costimula- and potentiation of the in vivo Tg cell tolerance may be
tion and is associated with impaired intracellular Ca21 their secretion of IL-10. This lymphokine down-regulates
response. costimulatory molecules in antigen-presenting T cells,
This reduced Ca21 mobilization and lack of IL-2R ex- rendering professional APC capable of anergy induction
pression detected by day 4 after transfer could not be (Ding et al., 1993; Macatonia et al., 1993). It also has a
explained by the down-regulation of TCR±CD3 cell sur- direct effect on T cell proliferation by blocking both IL-2
face expression observed by 2 weeks, and at most 1 production (Malefyt et al., 1993; Taga et al., 1993; Becker
month after chronic stimulation in vivo (Rocha and von et al., 1994) and the expression of the IL-2R a chain or
Boehmer, 1991). We could demonstrate abnormalities possibly by inducing the expression of negative regula-
of Ca21 channels independently of any stimuli; we found tors such as CTLA-4 (Groux et al., 1996). This latter
that long-term anergic cells had deficient thapsigargin- effect could have a major role in tolerance induction, as
induced Ca21responses (J. D., unpublished data). This CTLA-4 interactions with costimulatory molecules can
drug diffuses through the cell membrane emptying the induce T cell anergy (Perez et al., 1997). Negative signals
intracellular Ca21 stores, inducing the reflex opening of could prevent tolerant Tg cells from dividing, even after
the Ca21 channels and Ca21 entry into the cell totally the restoration of IL-2 secretion and IL-2R expression
independent of the TCR triggering. The deficient thapsi- by ionomycin and PMA stimulation.
gargin-induced Ca21 responses of tolerant cells thus Although Tg cells did not proliferate or eliminate anti-
demonstrate a defect of Ca21 entry from the extracellular gen, they were not inert. They secreted IL-10 and re-
compartment independently of TCR stimulation and ex- sponded to exogenous stimulation by increasing IFNg
plain the diminished resting intracellular Ca21 concen- mRNA transcription and IFNg secretion. Similarly, cyto-
trations we found in tolerant cells. It was postulated that toxic T cell clones unable to mobilize Ca21 after TCR
increased intracellular Ca21 concentration (found in in ligation can produce IFNg (Vignaux et al., 1995). IFNg
vivo tolerant B cells), was a hallmark of in vivo tolerance secretion was reported to be involved in T cell tolerance
(Healy et al., 1997). Our different results suggest that (Cauley et al., 1997). Through IL-10 secretion, anergic T
different degrees of unresponsiveness in different lym- cells may also mediate active suppression by down-
phocyte populations may ultimately lead to tolerance. regulating costimulatory molecules or by a direct effect
As Tg cells expand after transfer into male mice (Ro- on T cell function (Ding et al., 1993; Macatonia et al.,
cha and von Boehmer, 1991), we expected tolerance 1993; Malefyt et al., 1993; Taga et al., 1993; Becker et
al., 1994) and may have major regulatory functions.induction to occur late. One of the striking aspects of
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al., 1988). To generate memory or tolerant cells, 0.5 3 105 naiveIt remains to be established whether themodifications
cells were injected intravenously into male/female BM chimeras,of T cell function we describe are usually present in
together with 0.5 3 105 purified CD41 T cells from B6 female mice.peripheral T cell tolerance induced in vivo. Certain char-
(These CD41 LN cells potentiate the expansion of monoclonal T
acteristics we described here are shared by other in cells, but elimination of male cells is strictly dependent on the trans-
vivo models. Tolerant T cells recovered after stimulation fer of male-specific Tg cells; it occurs in the absence of CD41 cells
with bacterial and viral superantigens do not proliferate (our unpublished data); it is not seen after the injection of either
CD41 or CD81 T cells from non-Tg mice (Rocha et al., 1995). Toin vitro in response to IL-2 (Rellahan et al., 1991; Bhan-
obtain pure populations of Tg cells, the LN and spleens of thesedoola et al., 1993) and may fail to express IL-2R (Black-
injected chimeras were recovered at different times after naiveman et al., 1991); infection with murine acquired immu-
Tg transfer. They were depleted of B cells, CD41, and antigen-
nodeficiency syndrome induces a profound anergic presenting major histocompatibility complex class II-positive cells
state, associated with abnormal Ca21 responses and a by magnetic sorting with coated Dynabeads (Dynal, A.S.) and, when
lack of response to IL-2 (Moutschen et al., 1996). Chronic mentioned, were further purified by cell sorting.
in vivo stimulation is frequently associated with IL-10
production, e.g., in repeated superantigen stimulation
Cell Culture
(Sundstedt et al., 1997), in lymphocytes infiltrating tumor To evaluate the in vitro responses to the male antigen, 104 Tg cells
metastases (Taga et al., 1993), and in severe combined were cultured with 105 stimulatory spleen cells (Rocha et al., 1995).
immunodeficient patients reconstituted with allogeneic The response to anti-CD3 MoAb (1452C11; 1 mg/ml) (PharMingen)
or to 5 3 1027 M ionomycin (Calbiochem) and 0.5 mg/ml PMA (Sigma)bone marrow (Bacchetta et al., 1994). It is possible that
was examined in cultures containing 5 3 103 Tg cells and 104 perito-this IL-10 mRNA transcription is a consequence of ex-
neal cells from CD3e-deficient mice. When mentioned, cell culturescessively intense TCR engagement, as it can be induced
were supplemented with 50 U/ml recombinant IL-2 (Becton Dickin-in naive and memory cells by anti-CD3 stimulation. It
son). For the study of lymphokine mRNA transcription, cultured cells
is therefore tempting to speculate that intense T cell stimulated with anti-CD3 and ionomycin and PMA were recovered
stimulation in vivo will frequently lead to tetanization/ after 6 hr of incubation; cells stimulated with antigen were harvested
desensitization of the TCR, the consequences being after 20 hr of culture. These times were optimal in a kinetic study.
For lymphokine secretion, culture supernatants were harvested atblockage of Ca21 mobilization; an incapacity to produce
24, 48, and 72 hr. Cell division was evaluated after a 4 hr pulse ofIL-2, express the IL-2R a chain and respond to IL-2; and
[3H]thymidine on days 3±5 of culture.increased IL-10 production, i.e., a profoundly tolerant
state. These modifications of T cell function provide a
safe mechanism whereby potentially autoreactive T Cell Labeling
For surface staining (Rocha et al., 1995) we used the followingmono-cells cannot be activated by bystander IL-2 production
clonal antibodies: biotin- or phycoerythrin-labeled anti-CD69; anti-during ongoing immune responses.
CD8; anti-CD44; anti-B220 (PharMingen); and T3.70 (anti-TCRa Tg)Finally, we would like tocomment on the striking prop-
and fluorescein isothiocyanate±labeled anti-CD25 (PC61), anti-Ly51
erties of memory T cells. In vitro TCR ligation induced (A1042.1). Biotinylated antibodies were revealed with streptavidin
cyclic oscillations of Ca21 levels in memory cells, and Tricolor (Caltag). Cell populations were analyzed in a fluorescence-
this oscillatory behavior was already detected by day 4 activated cell sorting (FACScan) device and sorted in a FACSVan-
tage (Becton Dickinson).after in vivo transfer. Transients were of high amplitude,
in contrast to low-amplitude oscillations found in toler-
ant B cells (Healy et al., 1997). This behavior mimics Cytokine Assays
the response of endocrine cells to hormone stimulation For polymerase chain reaction (PCR), total RNA used to prepare
(Woods et al., 1986), and it is thought to have an impor- cDNA was isolated from sorted (.98% pure) CD81 T cell popula-
tions. RNA was reverse-transcribed into cDNA with random oligonu-tant role in controlling cell responses, allowing the dis-
cleotides (Delassus et al., 1994). All primers used for PCR amplifica-crimination between a broad range of signal strengths
tion bridged exon±intron barriers and did not amplify genomic DNA.(Putney, 1998) and permitting sustained gene transcrip-
The primers used in these PCRs were described elsewhere. Thetion (Thomas et al., 1996). Indeed, activation induced primers used to detect HPRT, IL-2, IL-4, IL-10, and IFNg were
lymphokine secretion by memory cells was precocious, described in Delassus et al. (1994). The primers used to amplify
and 20-fold higher amounts of lymphokines were se- perforin andFasL were described in Tanchot et al. (1997). The cycles
creted. These unique properties will confer increased of amplification (30) were: 1 min at 948C; 1 min at 578C (538C for
FasL); and 1 min at 728C followed by 10 min elongation at 728C. Toefficiency to deal with antigenic challenges.
ensure semiquantitative analysis of mRNA production, the amount
of cDNA present in each sample was tested by amplification of theExperimental Procedures
HPRT cDNA. Different dilutions of cDNA were tested to select for
nonsaturating conditions of amplification. Once these conditionsMice
were selected, all samples containing the same amount of cDNA wereLy51 and Ly52 CD3e-deficient (Malissen et al., 1995), Rag2-deficient
amplified simultaneously for lymphokines and HPRT. Samples were(Shinkai et al., 1992), and female Rag2-deficient mice bearing a
migrated in 1% agarose gels, blotted, and hybridized with 33P-labeledTCRab Tg receptor specific for the male antigen (Kisielow et al.,
specific probes, and bound radioactivity was analyzed in a phos-1988) were obtained from the Center for Development of Advanced
phoimager. When the message for a certain lymphokine was notAnimal Experimentation Techniques.
detected, 10 times the initial concentration of cDNA was also tested.
Secretion of lymphokines was evaluated by ELISA (Lanoue et al.,BM Male/Female Chimeras
1997). IL-10 secretion ex vivo was evaluated in tolerant sorted cellsMale/female BM chimeras were obtained by injecting irradiated (600
by ELISPOT as described by Fujihashi et al. (1993). The capturingR) 6- to 8-week-old Rag2-deficient female or male mice with 5 3
antibody to IL-10 was JES5±2A5 (PharMingen). To ensure the speci-106 BM cells from CD3e-deficient mice.
ficity of the assay, Tg populations and CD81 T cells obtained from
IL-10±deficient mice were tested simultaneously. Results shown areMonoclonal Tg Cells
PFC/106 cells minus background PFC formation, determined in anNaive cells were LN T cells from female Rag2-deficient mice bearing
a TCRab Tg receptor specific for the HY male antigen (Kisielow et IL-10±deficient mouse.
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Single-Cell Ca21 Video Imaging Fujiashi, K., McGhee, J.R., Beagley, K.W., McPherson, D.T, McPher-
son, S.A., Huang, C.M., and Kiyono, H. (1993) Cytokine specificThis was performed as previously described (Donnadieu et al., 1994;
Renard et al., 1996). Purified Tg cells (106) were incubated for 20 ELISPOT assay. Single cell analysis of IL-2, IL-4, and IL-6 producing
cells. J. Immunol. Methods 160, 181±189.min at 378C with 1 mM Fura-2/AM (Molecular Probes) and then
washed, and the intracellular Ca21 concentration was measured at Gajewski, T.F., Schell, S.R., and Fitch, F.W. (1990). Evidence impli-
378C with a Nikon Diaphot 300 microscope and an IMSTAR imaging cating utilization of different T cell receptor-associated signaling
system. Each image, taken every 6 s, was calculated from the aver- pathways by TH1 and TH2 clones. J. Immunol. 144, 4110±4120.
age of four fluorescence images after 340 nm of excitation and Gajewski, T.F., Qian, D., Fields, P., and Fitch, F.W. (1994). Anergic
four fluorescence images after 380 nm of excitation. At the time T-lymphocyte clones have altered inositol phosphate, calcium, and
indicated, 10 mg/ml anti-CD3 was added (Figure 4, arrow). tyrosine kinase signaling pathways. Proc. Natl. Acad. Sci. USA 91,
38±42.
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